Alphaviruses are a group of small, enveloped viruses which are widely distributed on all continents. In infected cells, alphaviruses display remarkable specificity in RNA packaging by encapsidating only their genomic RNA while avoiding packaging of the more abundant viral subgenomic (SG), cellular messenger and transfer RNAs into released virions. In this work, we demonstrate that in spite of evolution in geographically isolated areas and accumulation of considerable diversity in the nonstructural and structural genes, many alphaviruses belonging to different serocomplexes harbor RNA packaging signals (PSs) which contain the same structural and functional elements. Their characteristic features are as follows. Alphaviruses are a group of small, enveloped viruses which are widely distributed on all continents. Under natural conditions, these viruses are transmitted between vertebrate hosts by mosquito vectors. In mosquitoes, alphaviruses develop a persistent, life-long infection, characterized by the high concentrations of virus accumulated in the salivary glands (44), which promote virus transmission to amplifying hosts during the blood meal. In vertebrates, alphaviruses induce an acute infection and high-titer viremia, which is required for infection of new mosquitoes during blood ingestion. Thus, to support continuous virus circulation, this transmission cycle requires the presence of infectious virus at high titers in both vertebrates and invertebrates. To achieve this, alphaviruses have developed very efficient means of genome replication, structural protein synthesis, and interference with development of the antiviral response (2, 3, 13, 14) . These processes enable viral accumulation in both mosquitoes and the blood of infected vertebrate organisms.
Alphaviruses are a group of small, enveloped viruses which are widely distributed on all continents. Under natural conditions, these viruses are transmitted between vertebrate hosts by mosquito vectors. In mosquitoes, alphaviruses develop a persistent, life-long infection, characterized by the high concentrations of virus accumulated in the salivary glands (44) , which promote virus transmission to amplifying hosts during the blood meal. In vertebrates, alphaviruses induce an acute infection and high-titer viremia, which is required for infection of new mosquitoes during blood ingestion. Thus, to support continuous virus circulation, this transmission cycle requires the presence of infectious virus at high titers in both vertebrates and invertebrates. To achieve this, alphaviruses have developed very efficient means of genome replication, structural protein synthesis, and interference with development of the antiviral response (2, 3, 13, 14) . These processes enable viral accumulation in both mosquitoes and the blood of infected vertebrate organisms.
Alphaviruses enter the cells by receptor-mediated endocytosis, and after fusion of viral and endosomal membranes, nucleocapsids are released into the cytoplasm. Following their further disassembly, free viral genomes begin to serve as templates for translation of the nonstructural polyproteins (nsPs) and, later, for synthesis of the negative-strand RNA intermediates, forming the double-stranded RNAs (dsRNAs). The dsRNA-nsP complexes initially assemble at the plasma membrane (10, 15) , and at later time points postinfection, some of them are transported into the cytoplasm on the surface of endosomes (11, 15, 38) . These complexes synthesize large quantities of genomic and subgenomic RNAs. The latter RNA is efficiently translated into structural proteins that package genomic RNA into infectious virions. This RNA packaging process remains poorly understood. It is unclear how the viral genome is selectively packaged into viral particles, while the more abundant subgenomic RNA or cellular messenger RNAs and tRNAs are left behind. It is generally believed that such selective packaging is determined by the binding of capsid protein to particular sequences in the viral RNA termed the packaging signals (PSs) (45, 46) . In most of the alphaviruses, with the possible exception of Aura virus (36) , PSs were expected to be found in the nonstructural (ns) polyprotein-coding sequence. They have been studied by analyzing the sequences retained in defective interfering (DI) RNAs (5, 23, 37, 47) , which accumulate during virus passaging at a high multiplicity of infection (MOI) in cultured cells. In some cases, the identified sequences were additionally analyzed by assessing the efficiency of binding of some RNA fragments to certain capsid-specific peptides in vitro (45, 46) . For Ross River virus (RRV), putative PSs were also defined by expressing fragments of RNA genomes in cells producing complete sets of viral structural proteins and later analyzing their packaging into viral particles. RNA fragments demonstrating higher affinity for capsid and/or 3-to 4-fold-higher encapsidation efficiencies than other sequences have been proposed as virus-specific PSs (8) . However, analysis of PS structure and function has not been performed in the context of replicating viruses, nor have the existing data been applied toward modification of virus replication.
In previous studies, we and others have designed a wide variety of chimeric alphaviruses, encoding nsPs and RNA promoter elements of one virus and the structural proteins derived from a heterologous alphavirus. All of these chimeras were viable and replicated in tissue culture to titers above 10 9 PFU/ml without adaptation of either capsid or nsP-coding sequences (3, 4, 7, 12, 18, 30, 31, 41, 42) . These data brought into question the validity of the hypothesis regarding specificity of packaging of viral genomes into nucleocapsid and suggested that packaging appears to be determined by close intracellular cocompartmentalization of newly synthesized RNA and capsid protein rather than specific capsid RNA interactions. Therefore, in this study, we performed a detailed investigation into the existence of PS in the Venezuelan equine encephalitis virus (VEEV) genome, identified the main functional and structural components of this PS, and demonstrated a common recognition motif that is present in the PSs of some other alphaviruses, belonging to very distant, geographically isolated serocomplexes. Our data demonstrate the following. (i) An nsP1-specific RNA sequence located between nucleotides (nt) 856 and 1150 of the VEEV genome determines its packaging into infectious virions. (ii) Functioning of this sequence in RNA packaging is mostly independent of its position in the viral genome. (iii) Short GGG sequences located in the loops of the predicted RNA stem-loop structures play a critical role in the function of the VEEV PS in RNA packaging. (iv) While in different alphaviruses, the PS is composed of 4 to 6 stem-loops, containing GGG motifs, the presence of more than one stemloop is required to achieve the wild-type (wt) level of packaging efficiency. (v) An artificially designed, GGG-containing PS can be as efficient as the wt PS in VEEV RNA packaging. (vi) PSs in other alphaviruses, except the SFV clade, demonstrate similar organization. (vii) The chikungunya virus (CHIKV)-specific PS and, most likely, the PSs of other members of the SFV clade are located in the nsP2-coding sequence. (viii) However, capsid proteins of the latter viruses retain an ability to recognize heterologous, nsP1-specific PSs of other alphaviruses.
MATERIALS AND METHODS
Cell cultures. The BHK-21 cells were kindly provided by Paul Olivo (Washington University, St. Louis, MO) and the Vero cells by Charles Rice (Rockefeller University, New York, NY). These cell lines were maintained at 37°C in alpha minimum essential medium (␣MEM) supplemented with 10% fetal bovine serum (FBS) and vitamins. Mosquito C7/10 cells were obtained from Henry Huang (Washington University, St. Louis, MO) and propagated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated FBS and 10% tryptose phosphate broth (TPB).
Plasmid constructs. The original plasmids (i) with the VEEV TC-83 genome (pVEEV), (ii) with the Sindbis virus (SINV) genome, having the green fluorescent protein (GFP) gene under the control of an additional subgenomic promoter (pSIN/GFP), and (iii) with the genome of chimeric virus encoding VEEV nsPs and CHIKV structural proteins (pVEE/CHIKV) were described elsewhere (9, 17, 32) . Plasmid containing CHIKV Thai strain nsP1-and nsP2-coding sequences were obtained from Scott Weaver (UTMB). Plasmid encoding Semliki Forest virus (SFV) nsPs was obtained from Invitrogen. Standard recombinant DNA techniques were used for all plasmid constructions. Maps and sequences are available from the authors upon request. DNA fragments with large numbers of mutations were synthesized from oligonucleotides using PCR-based approaches. The genome fragments of other alphaviruses analyzed, i.e., eastern equine encephalitis virus (EEEV) strain BeAr436087, SINV strain AR339, and CHIKV, were also synthesized by PCR, cloned into the viral genome-containing plasmids, and sequenced before rescuing the viruses.
RNA transcriptions. Plasmids were purified by centrifugation in CsCl gradients and linearized by different restriction enzymes, which utilized the restriction sites located downstream of the poly(A) sequence. RNAs were synthesized by SP6 RNA polymerase (Ambion) in the presence of a cap analog (New England BioLabs) as described elsewhere (34) . The yield and integrity of transcripts were analyzed by gel electrophoresis under nondenaturing conditions. RNA concentration was measured on a Fotodyne imager, and transcription reactions were used for electroporation without additional purification.
RNA transfections. In all of the experiments, the transfections were performed by electroporation of the in vitro-synthesized RNA using previously described conditions (24) . To rescue the viruses, 1 g of in vitro-synthesized viral genome RNA was electroporated into the cells (24) , and then they were seeded into 100-mm dishes and incubated until cytopathic effects (CPEs) were observed. Virus titers were determined using a standard plaque assay on BHK-21 cells (22) . In parallel, to assess the RNA infectivity, 10-fold dilutions of electroporated BHK-21 cells were seeded in 6-well Costar plates containing subconfluent, naïve BHK-21 cells. After 1 h of incubation at 37°C in a 5% CO 2 incubator, cells were overlaid with 2 ml of MEMcontaining 0.5% ultrapure agarose (Invitrogen) supplemented with 3% FBS. Plaques were stained with crystal violet after 2 days incubation at 37°C, and infectivity was determined in PFU per g of transfected RNA.
Analysis of virus replication. BHK-21 or C7/10 cells in 6-well Costar plates (5 ϫ 10 5 cells/well) were infected at multiplicities of infection (MOIs) indicated in the figure legends. After a 1-h-long incubation at 37°C or 30°C (appropriate for BHK-21 and C7/10 cells, respectively), cells were washed with phosphatebuffered saline (PBS) and covered by 1 ml of complete medium and further incubated at the appropriate temperature in the CO 2 incubator. At the time points indicated in the figures, medium was replaced, and virus titers in the harvested samples were determined by plaque assay on BHK-21 cells (22) . All of the experiments were repeated two or three times. All of the data were highly reproducible, and figures present the results of one of the representative experiments.
Virus purification. BHK-21 cells (8 ϫ 10
6
) in 150-mm dishes were infected with recombinant viruses at an MOI of 20 PFU/cell for 1 h, washed with PBS and overlaid with 15 ml of complete medium. At 6 h postinfection, cells were washed with PBS to remove the serum and overlaid with 15 ml of serum YP-SFM medium. At 24 h postinfection, medium was harvested, HEPES buffer pH 7.4 was added to 0.05 M, and, after centrifugation at 12,000 ϫ g for 20 min, viral particles were concentrated to final volume 1 ml using Amicon Ultra 100K centrifugal filters (Millipore). Virus particles were pelleted from concentrated samples at 50,000 rpm and 4°C for 1 h in a TLA-55 rotor on a TL-100 ultracentrifuge (Beckman). These pellets were used for both RNA isolation and protein analysis. For the latter analysis, viral particles were dissolved in the gel-loading buffer and proteins were analyzed on SDS-10% PAGE.
RNA analysis. RNA was isolated from pelleted viral particles using RNeasy minikit (Qiagen). Purified RNA was separated on a nondenaturing 1% agarose gel in TAE buffer and stained with ethidium bromide. Cellular RNA, mostly represented by 28S and 18S ribosomal RNAs, and in vitro-synthesized viral RNAs were used as molecular weight standards.
RT-qPCR. BHK-21 cells were infected with recombinant viruses at an MOI of 10 PFU/cell. Total RNA was isolated from infected cells at 4 and 7 h postinfection using TRIzol (Invitrogen) and was additionally purified by RNeasy minikit (Qiagen). cDNA was synthesized on 1 g of total RNA using QuantiTect reverse transcription (RT) kit (Qiagen). The nsP2 gene-specific primers were used to quantify viral genomic RNA. The E2 gene-specific primers were used to quantify total viral RNA. Quantitative PCR (qPCR) was performed using SsoFast EvaGreen Supermix (Bio-Rad) in the CFX96 real-time PCR detection system (Bio-Rad) for 40 2-step cycles (5-s-long denaturing step at 98°C, and 5-s-long annealing and an extension step at 60°C). Data were analyzed with CFX Manager Software. Specificity of qPCR was confirmed by melting curve analysis of the amplified products. Results of quantification were normalized to the amount of ␤-actin mRNA in the same samples. Each qPCR was performed in triplicate, and means and standard deviations (SD) were calculated.
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VIRAL GENOME RNA PACKAGING IN ALPHAVIRUS EVOLUTIONComputational analysis. Alphavirus sequences were obtained from GenBank, most recently in February 2011. Nucleotide sequences with coverage (Ͼ98%) of the nonstructural polyprotein coding sequences were identified by applying NCBI tblastn (1) to the polyprotein amino acid sequences from GenBank RefSeqs NC_001449 (VEEV), NC_003899 (EEEV), NC_003908 (WEEV), NC_001547 (SINV), NC_001544 (RRV), NC_004162 (CHIKV), NC_003417 (MAYV), and NC_003215 (SFV). Sequences were grouped into clades according to the tblastn analysis. Patent sequences and constructs were removed, and sequences annotated as defective (search terms "nonfunctional," "truncated," and "defective" in GenBank records) were inspected and removed from analyses where appropriate. Within each clade, sequences were translated, aligned, and back-translated to nucleotide sequence alignments using EMBOSS (35) and Clustal (21) . The synonymous site conservation statistic was calculated as described elsewhere (6) . In order to map the conservation statistic onto the coordinates of a specific sequence in each alignment, all alignment columns with gaps in a chosen reference sequence (i.e., the afore-mentioned GenBank RefSeqs) were removed prior to calculation of conservation. RNA structures were predicted using a combination of Vienna RNA RNAfold and alidot (16) , pknotsRG (33) and manual inspection. Computer predictions of the foldings of RNA fragments used for the experimental analyses were also verified with the mfold Web Server of the RNA Institute, College of Arts and Sciences, State University of New York at Albany (48) .
RESULTS
Conserved sequences in alphavirus genomes are not limited to promoter elements. In previous studies, our group and others have designed a variety of chimeric alphavirus genomes, which contain the RNA promoter elements and nsP-coding sequences derived from one alphavirus, and the structural genes derived from heterologous, distantly related alphaviruses (3, 4, 7, 12, 18, 30, 31, 41, 42) . All of these chimeric viruses were viable and capable of efficient in vitro replication. Representative examples of the chimeras and their replication in mammalian cells are presented in Fig. 1A and B. In all of the experiments, chimeras accumulated in the medium to titers exceeding 10 9 PFU/ml. The resulting infectious titers and replication rates of some of these (see SIN/VEEV as an example) were even higher than those of the parental viruses used as sources of the nsP-coding sequence.
VEEV, CHIKV, EEEV, and SINV belong to four genetically divergent groups of alphaviruses, demonstrating amino acid identity in the nonstructural and structural proteins of ϳ65% and ϳ45%, respectively. The identity at the nucleotide level is almost undetectable, except in the sequences representing RNA promoter and replication enhancer elements. Nevertheless, all of the chimeras designed to date demonstrated efficient release of infectious virions (3, 4, 7, 12, 18, 30, 31, 41, 42) . Taken together, the accumulated data suggest that packaging of recombinant viral RNA could be determined primarily by the close cocompartmentalization in the cells of newly synthesized capsid proteins and transcribed viral genomes. Another possibility is that the analysis of viral genomes was not thorough enough, and all or most of the alphavirus genomes contain a conserved yet uncharacterized RNA packaging signal(s) recognized by both homologous and heterologous capsid proteins during particle formation.
To distinguish between these two possibilities, we have performed an analysis of RNA fragments demonstrating reduced variability at synonymous sites in the P1234-encoding sequence of the viruses that belong to the VEEV, WEEV, EEEV, and SINV clades. The results are presented in Fig. 2 . The first, third, and fourth fragments with reduced variability correspond to (i) the 5Ј promoter and 51-nt CSE, a replication enhancer, (ii) an extended stem-loop readthrough-stimulating element, and (iii) the 5Ј end of the subgenomic RNA promoter sequence ( Fig. 2A and B) . The second identified fragment was located in the sequence corresponding to codons 260 to 370 of nsP1 (nt 825 to 1155 of the VEEV genome). This could either be a previously undetected element of the RNA promoter(s) or possibly a conserved PS present in the genomes of the indicated alphaviruses. More detailed analysis of this RNA fragment in the viruses of the VEEV clade and its putative folding are presented in Fig. 2C and D, respectively.
The VEEV nsP1 gene contains an RNA element that is required for RNA packaging. In order to determine the function of the identified conserved RNA element in the VEEV genome, we needed to analyze the effects on virus replication of (i) the nucleotide sequence, (ii) RNA folding, and (iii) its position in the genomic RNA. Before investigating these characteristics, we conducted initial experiments to test whether the proposed VEEV-specific nucleotide sequence indeed played a detectable role in infectious virus release. To answer this question, we synthesized the entire fragment corresponding to nt 798 to 1133 of the VEEV genomic RNA, in which we introduced 135 mutations, and then cloned it into a cDNA of the VEEV genome to replace the natural sequence (Fig. 3A) . The mutations were introduced in a way that conserved the encoded amino acid sequence, and no rare codons were used. However, the introduced mutations completely destroyed the predicted RNA secondary structure, shown in Fig. 2D . For this variant and most of the other constructs used in this study, we cloned an additional GFP-coding sequence under the control of a second subgenomic promoter into the recombinant viral genome (Fig. 3A) . GFP expression was used as a convenient means of indirectly monitoring the levels of viral genome replication and accumulation of subgenomic RNA. The designed VEEV/PS Ϫ /GFP construct was viable, and in an infectious center assay, its in vitro-synthesized RNA demonstrated essentially the same infectivity as that of the VEEV/GFP RNA containing the wt sequence of nsP1 (data not shown). This was an indication that no additional adaptive mutations were required for virus replication. However, the introduced mutations had a strong negative effect on the rates of infectious virus replication. VEEV/PS Ϫ /GFP formed smaller plaques and demonstrated an obvious delay in virus release and lower growth rates in both BHK-21 and mosquito C7/10 cells ( Fig.  3B and C) . At all time points postinfection, titers of the mutant were ϳ100-fold lower than those of control VEEV/GFP. The infected cells expressed the same levels of GFP (data not shown) indicating similar RNA replication rates. To confirm this result, in additional experiments, we measured the levels of intracellular genomic and subgenomic RNA accumulation Ϫ /GFP and VEEV/GFP viruses at an MOI of 10 PFU/cell. Total RNA was isolated as described in Materials and Methods. Concentrations of viral genomic and genomic plus subgenomic RNAs were determined by qPCR and normalized to the concentrations of ␤-actin mRNA. Data presented in this figure were normalized to the concentration of VEEV/GFP-specific RNAs determined at 4 h postinfection. (E) BHK-21 cells were infected at an MOI of 10 PFU/cell with VEEV/GFP or VEEV/PS Ϫ /GFP variants, and then incubated in serum-free VP-SF medium. Medium was harvested at 18 h postinfection, when all of the cells remained attached to plastic and before they developed profound CPEs. Then samples were concentrated under identical conditions on Millipore centrifugal filter units and viruses were pelleted by ultracentrifugation (see Materials and Methods for details). Samples corresponding to equal volumes (4 ml) of medium were analyzed by SDS-PAGE and stained by Coomassie brilliant blue. (F) RNAs isolated from the viral particles were analyzed by agarose gel electrophoresis under nondenaturing conditions. Samples corresponded to equal amounts of the original medium (1.8 ml). VEEV/GFP stock harvested from the infected cells and the concentrated sample had 40-fold-higher infectious titers (PFU/ml) than those of VEEV/PS Ϫ /GFP.
by qPCR. At various time points postinfection, no significant difference in RNA concentrations was found in cells infected with VEEV/GFP or VEEV/PS Ϫ /GFP at the same MOI (Fig.  3D) . Thus, the mutations in the studied fragment affected packaging and release of infectious virions rather than RNA synthesis. The most probable explanation was that the mutations affected the efficiency of PS function. Of note, in our previous studies, this fragment did not function in the VEEV genome as part of any RNA promoters or enhancers (19, 20, 25) , but was present in the helper RNAs, which were capable of self-packaging into virions (40) .
VEEV/PS Ϫ /GFP replicated in BHK-21 cells to final titers that were consistently 30-to 100-fold lower than those of VEEV/GFP. In spite of these differences in infectious titers, cells infected by either virus released into the medium equal amounts of viral proteins, most likely in the form of viral particles, which could be purified by ultracentrifugation (Fig.  3E) . This difference in PFU/particle ratio was determined by a strong increase in the packaging of both viral subgenomic and, possibly, other RNAs instead of genomic RNA of VEEV/PS Ϫ / GFP (Fig. 3F ). In the samples of concentrated VEEV/GFP virions, the subgenomic RNAs were barely detectable; however, virions isolated from the medium of VEEV/PS Ϫ /GFPinfected cells contained high levels of subgenomic RNA instead of their viral genomes (Fig. 3F) . Our qPCR data were in agreement with those described above, and the particle-togenome-equivalent ratio was more than 20-fold higher for purified VEEV/PS Ϫ /GFP than for VEEV/GFP samples (data not shown).
VEEV PS function is position-independent. Our following experiments addressed the question of whether the function of the VEEV PS RNA fragment is dependent on its position in the viral genome. We designed VEEV genomes in which the natural PS sequence was inactivated by the above-described, numerous mutations, and additional test sequences (corresponding to nt 774 to 1159 of the VEEV genome) were cloned between the nsP4 gene and the subgenomic promoter driving GFP expression (Fig. 4A) . The subgenomic promoter in the nsP4-coding sequence upstream of the newly inserted test PS sequences was inactivated by 10 synonymous mutations. Thus, the designed viruses VEEV/mut/wt/GFP and VEEV/mut/mut/ GFP contained a mutated PS in the natural PS position and wt or mutated PS sequences, respectively, downstream of the nsP4 gene. The control construct, VEEV/wt/mut/GFP, had the same design. It contained the natural, wt PS in its original location and the mutated PS downstream of the nsP4 gene. All of the constructs were viable and in vitro-synthesized RNAs were equally infectious in the infectious center assay (data not shown). Replication rates of VEEV/mut/wt/GFP were close to those of VEEV/wt/mut/GFP, in which the wt PS was in its natural position. In the repeated experiments we detected 2-to 3-fold differences in the titers of VEEV/mut/wt/GFP and VEEV/wt/mut/GFP, suggesting that the sequences surrounding the PS might have some effect on its function. However, at all time points postinfection, VEEV/mut/wt/GFP titers were almost 2 orders of magnitude higher than titers of VEEV/mut/ mut/GFP, in which both PS sequences were mutated (Fig. 4B) . These results suggest that the VEEV-specific PS is functional regardless of its position in the viral genome.
Positioning of the PS between nsP4 and the subgenomic promoter makes its function in RNA packaging independent of the protein sequence encoded by the PS in its natural location and, thus, opens an opportunity for a wide range of modifications, which are no longer limited to synonymous mutations but can also include extended deletions and insertions. VEEV PS function is determined by GGG sequences in the RNA loops. The computer prediction of RNA folding suggested the presence of numerous stem-loop (SL) structures in the fragment comprising nt 825 to 1155 of the VEEV genome. The distinguishing feature of the predicted RNA secondary structure presented in Fig. 5A , is the presence of a GGG sequence in the same position of the loops in SLs 2, 4, 5, and 8 (and in a different position in the loop of SL3). The same positioning of GGG in numerous loops could certainly be a coincidence; however, the computer analysis suggested the existence of GGG in the same loop position of 4 to 6 SLs in corresponding nsP1-specific fragments of the EEEV, WEEV, and SINV genomes (see below). Their stem-loops were predicted to have different sequences and foldings but contained the apparently conserved GGG motif at the loop bases.
Based on these data, we hypothesized that the short GGG sequences, specifically in the distinct position of RNA loops, might be critical elements of the VEEV PS and, possibly, the PSs of other alphaviruses. We then tested whether the GGG motifs are important for virus replication/packaging. New mutations were introduced into the wt VEEV PS of the VEEV/ mut/wt/GFP genome so as to destroy the GGG triplets ( Fig.  5A and B) . These mutations did not affect the predicted RNA VIRAL GENOME RNA PACKAGING IN ALPHAVIRUS EVOLUTION 8027 secondary structure of the PS (Fig. 5A) , but nonetheless had a strong negative effect on virus replication rates (Fig. 5C ). The VEEV/mut/3xGm/GFP mutant replicated as inefficiently as the VEEV/mut/mut/GFP variant, in which the test fragment contained 135 mutations, leading to a very different sequence and overall predicted folding. Thus, the GGG sequences appear to represent key elements of the VEEV PS. The GGG-containing stem-loops have additive effects on PS function. In order to dissect the functions of predicted stemloops in viral RNA packaging, we sequentially deleted them in the VEEV/mut/wt/GFP genome (Fig. 6) and assessed the effects of these deletions on virus replication. Analysis of the virus growth curves presented in Fig. 6F , suggest that it is unlikely that any one particular stem-loop plays the sole or dominant role in virus packaging. Their presence in the fragment appeared to have an additive effect on the rates of infectious virus release. Based on the selection of deletions tested, presence of stem-loops 2, 3, and 4 or 3, 4, and 5 in VEEV/mut/wt/⌬2/GFP and VEEV/mut/wt/⌬1ϩ3/GFP, respectively ( Fig. 6B and D) , was sufficient to mediate packaging at the same level achieved by the entire fragment. Only the deletion of all of the stem-loops except 3 and 4 in VEEV/mut/ wt/⌬2ϩ3/GFP (Fig. 6E ) caused a strong decrease in infectious virus release; however, in repeated experiments, it remained at a level higher than that of VEEV/mut/mut/GFP, suggesting some residual activity for this remaining short fragment in RNA packaging and, ultimately, in virus replication. In SL3, the GGG motif is in a different position than in the other loops, and it is unlikely that it functions in the same mode as the others. However, there is enhanced conservation in the SL3 region (Fig. 2C) , which suggests that it might play some role in virus replication, such as preserving the overall secondary structure of the RNA fragment. We did not perform the experiments necessary to completely rule out this possibility, but a lack of this stem-loop in the artificially designed PS (see Fig. 10 ) supports the hypothesis that SL3 is not a critical functional element.
The VEEV capsid protein is capable of recognizing the PSs of heterologous alphaviruses. The above-described data demonstrate that chimeric viruses encoding VEEV-specific structural proteins are capable of efficient replication ( Fig. 1 and  aforementioned references) . The high replication rates of VEEV capsid-encoding chimeric viruses strongly indicated that during the encapsidation process, the VEEV capsid protein might be capable of efficient interaction with heterologous PSs in the nsP-coding sequence. To test this hypothesis, we redesigned the VEEV/mut/wt/GFP variant by replacing the wt VEEV PS with the corresponding sequences derived from other alphaviruses. VEEV/mut/SIN/GFP, VEEV/mut/EEE/ GFP, and VEEV/mut/SFV/GFP contained fragments of the SINV, EEEV, and SFV genomes corresponding to the VEEV nsP1 PS-containing fragment (Fig. 7A) . The fragments tested corresponded to nt 731 to 1213, 726 to 1185, and 797 to 1212 of the SINV, EEEV, and SFV genomes, respectively. All of these variants were viable and expressed the same levels of GFP, indicating similar levels of RNA synthesis, but differed in quantity of infectious virus produced. SINV-and EEEV-derived fragments promoted virus release as efficiently as did the natural VEEV-specific fragment (Fig. 7B) . However, the presence of the SFV-specific fragment did not cause an increase in the rates of infectious virus production. It remained at the level previously seen in the experiments with VEEV/mut/mut/GFP (Fig. 6F, 5C , and others). These results correlated with differences in RNA sequences and predicted secondary structures ( Fig. 8A and data not shown) . The VEEV-, EEEV-and SINVderived RNA fragments contained 4 to 6 stem-loops, in which GGG sequences were located at the exact same positions as in the VEEV PS stem-loops. The SFV-specific fragment, in contrast, was predicted to contain no stem-loop structures with GGG sequences. More extensive computer analysis of other members of the SFV clade also predicted a lack of GGG motifs in RNA loops. Taken together, the results of this analysis correlate with the above-presented data and indicate that the GGG motifs function in RNA packaging of numerous alphaviruses, except those in the SFV clade. 
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The SINV PS is located in the same nsP1-specific fragment of the viral genome. The data described above suggest that in spite of differences in the overall folding, VEEV, EEEV, and SINV appear to have a PS sequence, recognized by VEEV capsid, in the same position within their genomes. However, this does not necessarily mean that the same PSs can be recognized by the homologous capsid proteins. For safety reasons, EEEV could not be used in the experiments, but we could perform extensive mutagenesis of the SINV genome and test the effects of these mutations on virus replication. The computer-predicted, putative SINV-specific PS, containing six loops with apical GGG sequences, is presented in Fig. 8A . We have synthesized a new 478-nt-long fragment of the SINV genome between nt 733 and 1212 and cloned it into SINV/GFP to replace the original sequence (Fig. 8B) . More than 100 mutations were introduced into this sequence with virtually all of the codons replaced by alternative ones. These mutations were designed in such a way as to preserve the existing codon frequency and amino acid sequence in the SINV nsP1. As we described above for VEEV with mutated PS, the introduced mutations had no effect on the infectivity of the in vitro-synthesized RNA or on the GFP expression in virus-infected cells (data not shown), but caused a strong negative effect on virus replication (Fig. 8C) . At all time points postinfection, titers of SINV/PS Ϫ /GFP were 2 to 3 orders of magnitude lower than those of SINV/GFP containing the wt nsP1-coding sequence.
These data suggest that in the SINV genome, the PS recognized by SINV capsid is located at the same position as in the VEEV genomic RNA. The results also correlated with those from previous studies, in which the SINV-specific PS was analyzed in the context of DI RNAs (5, 27) . Deletions of the SINV PS in DI RNAs had a detectable negative effect on their ability to be packaged into virions.
Members of the SFV clade contain a packaging signal in the nsP2 gene, but not in the nsP1-coding sequence. The inability of SFV-specific nsP1 sequence to support RNA packaging mediated by VEEV capsid (Fig. 7) , created some ambiguity in the interpretation of results, because structural proteins derived from another virus that belongs to the SFV clade, CHIKV, were very efficient in the packaging of a VEE/CHIKV genome. The latter chimeric virus replicated in tissue culture to titers approaching almost 10 10 PFU/ml (Fig. 1A) . Thus, CHIKV-specific capsid protein appeared to be efficient in recognizing the VEEV PS. However, neither SFV-nor CHIKV-specific fragments corresponding to the VEEV PS, demonstrated the presence of GGG motifs in any of the computer-predicted stem-loops (data not shown). Thus, taken together, the data suggested that capsid proteins of viruses belonging to the SFV clade, appeared to be capable of interacting with the PS(s) of other alphaviruses, but likely recognized their own, virus-specific PS in another fragment of the genome. This hypothesis was supported by computer analysis of the SFVclade genomes (Fig. 9A) , which predicted the presence of a nucleotide sequence with a lower rate of substitutions at synonymous sites in the nsP2 gene, but not in the nsP1-coding RNA fragment. In the following experiments, we tested two hypotheses: (i) CHIKV capsid can recognize the VEEV-specific PS, and (ii) the CHIKV-specific PS is located in the nsP2-but not the nsP1-coding sequence.
First, we designed a recombinant, chimeric virus VEE/PS Ϫ / CHIKV, which expressed CHIKV structural genes and had the natural VEEV PS inactivated by the above-described 135 mutations (Fig. 9B) . This virus was viable, but its replication rates were lower than those of VEE/CHIKV, having the wt VEEVspecific PS (Fig. 9B) . This result demonstrated that the CHIKV capsid protein is capable of utilizing the VEEV-specific PS.
The next constructs were based on using a chimeric VEE/ CHIKV genome with mutated natural VEEV PS, but they also contained additional CHIKV-specific sequences. VEE/mut/ nsP1/CHIKV and VEE/mut/nsP2/CHIKV contained nt 826 to 1182 and nt 2501 to 3078 of the CHIKV genome, respectively (Fig. 9C) . Both sequences were cloned downstream of the VEEV nsP4 gene and upstream of the subgenomic promoter. The VEE/mut/mut/CHIKV chimera, encoding two mutated VEEV PSs was designed as an appropriate negative control. All three constructs were viable, but differed in virus replication rates. The sequence comprising nt 826 to 1182 of CHIKV nsP1, which corresponds to the VEEV PS-containing fragment, did not stimulate packaging of the recombinant genome. It remained at the level of VEEV/mut/mut/CHIKV (Fig. 9C) . However, the nsP2-specific CHIKV fragment had a strong stimulatory effect on virus replication rates, indicating its activity in the packaging of RNA into CHIKV structural proteins. The possibility that this fragment contains the CHIKVspecific PS was indirectly supported by our previous data on Ross River virus (RRV), which is also a member of the SFV clade (8) . Inclusion of the indicated sequence in the subgenomic RNA significantly increases its packaging into RRVspecific viral particles. It was also interesting to test whether VEEV capsid protein can utilize CHIKV-specific fragments as PSs. To test this, we cloned the above-described fragments of CHIKV nsP1-or nsP2-coding sequences into VEEV/mut/wt/ GFP to replace the wt PS (Fig. 9D) . Both designed viruses, VEEV/mut/nsP1ch/GFP and VEEV/mut/nsP2ch/GFP, replicated as inefficiently as VEEV/mut/mut/GFP control (Fig.  9D) , indicating that VEEV capsid protein cannot use either CHIKV nsP1 or nsP2 fragments as PSs.
A designed artificial VEEV PS efficiently mediates RNA packaging. The experimental data gathered demonstrated that GGG motifs in the loops of the predicted stem-loop structures might be the key RNA elements that determine specificity of genomic RNA packaging and mediate its selective encapsidation. However, it remained unclear whether the entire stemloops are involved in this encapsidation process, or whether the packaging is primarily determined by the presence of the GGG motif in the particular position of the folded RNA fragment. In order to shed more light on this question, we attempted to design an artificial PS, containing 4 stem-loops with GGG sequences (Fig. 10A) . Similar to the above-presented experiments, we cloned this artificial fragment downstream of the nsP4-coding sequence in the VEEV genome with a mutated natural PS (Fig. 10A) . In spite of different nucleotide sequences in the stems, the new stem-loops in the proposed fragment were expected to have similar stability and folding as those in the natural VEEV PS (compare foldings presented in Fig. 10A and 2D) , and, most importantly, they were designed to have GGG motifs in the exact same positions of the loops (Fig. 10A ). Due to strong modifications of the PS-containing fragment, the new sequence was designed to contain complementary sequences at the 5Ј and 3Ј ends, forming a highly stable stem. This modification was expected to reduce the possibility of secondary structure formation between the newly designed PS and the surrounding sequences in the VEEV/mut/ artPS/GFP genome.
The in vitro-synthesized VEEV/mut/artPS/GFP RNA was as infectious as all other above-described constructs. Rescued virus formed plaques of the same size as VEEV/mut/wt/GFP, which has a natural PS in the same position as the artificial PS in the VEEV/mut/artPS/GFP genome (data not shown). Most importantly, VEEV/mut/artPS/GFP demonstrated replication rates that were almost the same as those of VEEV/mut/wt/ GFP and higher than those of VEEV/mut/mut/GFP (Fig.  10B) . These data supported the notion that the VEEV PS function is determined by the presence of GGG sequences in the stem-loops of folded RNA, but not by the stem sequences.
DISCUSSION
Replication of alphavirus genomes proceeds in the cytoplasm of infected cells, where these viruses produce high quantities of the structural proteins and viral genomic RNA required for virion formation. Efficient synthesis of virus-specific macromolecules is certainly essential for viremia development, but it is not the only prerequisite for alphavirus replication to high titers. Packaging of their newly synthesized genomes into nucleocapsids occurs in the presence of the more abundant viral subgenomic RNA, and the cellular mRNAs and tRNAs; however, all of these appear to be poorly recognized by the alphavirus capsid protein. Levels of subgenomic RNAs in released virions are barely detectable and, while no studies of cellular RNA packaging have been performed to date, it is highly unlikely that they are packaged into virions. These data imply the existence of specific interactions between the 5Ј two-thirds of the alphavirus genomic RNA and capsid proteins, which lead to selective encapsidation of viral genomes but not subgenomic or other RNA species.
Previous studies of SINV DI RNA replication and copackaging suggested that a 132-nt-long (SINV PS132) segment of the SINV genome (nt 945 to 1076) is required for efficient VOL. 85, 2011 VIRAL GENOME RNA PACKAGING IN ALPHAVIRUS EVOLUTION 8031 RNA packaging (45) . Two copies of this sequence were present in the SINV DI RNA genome (26, 28, 39) , and their deletion had a negative effect on RNA encapsidation, but not on RNA replication. Further studies strongly suggested that the interaction of this PS with SINV capsid is mediated by a short amino acid sequence located between amino acids (aa) 96 and 107 of the SINV capsid protein (29, 43) . These data provided a plausible explanation for specific packaging of SINV genomic RNA. However, the direct effect of mutations in the PS on virus replication had not been investigated. Moreover, in the genome fragments corresponding to SINV PS132, distantly related alphaviruses, such as VEEV, demonstrate low levels of identity at the nucleotide level and are predicted to have very different secondary structures (Fig. 2D and 8A) . Nevertheless, the previously generated chimeric alphaviruses, which encode heterologous structural and nonstructural genes (3, 4, 7, 12, 18, 30, 31, 41, 42) , release high levels of infectious virions, suggesting efficient encapsidation of their genomes. Replication rates of these chimeras were found to be close to or even exceeding those of the parental viruses. A nonspecific, background encapsidation mechanism is very difficult to reconcile with the observation of the exclusive presence of genomic RNA in virions, and therefore, to identify putative, universal PSs in the alphavirus genomes, we applied a more advanced in silico analysis of sequence conservation and complemented it by experimental analysis of predicted sequence function in specific RNA packaging. The RNA elements with the greatest level of sequence conservation in viruses of VEEV, EEEV, WEEV, and SINV clades were found in the nsP1-coding sequence of the viral genomes ( Fig. 2A) . The experiments that followed demonstrated that the in silico analysis generated reliable information, and serial synonymous mutations in this fragment in the VEEV genome (nt 798 to 1133) had strong negative effects on virus growth rates and final titers. The introduced mutations did not affect the efficiency of viral RNA replication or viral particle release (Fig. 3) . Assembled virions accumulated in the medium to essentially the same concentrations regardless of whether the wt or mutated sequence was present in the viral genome. However, the majority of virions released from VEEV/PS Ϫ /GFP-infected cells, contained not the genomic, but the subgenomic RNA. Similar mutagenesis of the corresponding sequence in the SINV genome also strongly affected rates of infectious virus release (Fig. 8) . Thus, taken together the data suggested that the studied RNA element plays a critical role in the replication of evolutionary diverse alphaviruses. Other experiments were based on the application of an experimental system, which we have previously tested while studying the functional elements of alphavirus promoters (25) . Within the VEEV genome, we separated the functional PS and its nsP1-coding sequence (Fig. 4) . We were then able to perform a wide range of genetic manipulations without affecting the nsP1 protein sequence. First, these studies demonstrated that addition of the wt nt 774 to 1159 to a VEEV genome with a mutated PS made the virus replication more efficient in terms of infectious virion release. Second, the corresponding, nsP1-specific sequences, derived from the EEEV and SINV genomes, but not the SFV genome, were utilized by the VEEV capsid protein and, thus, were able to function as PSs in packaging of the VEEV genomes with mutated natural PSs. These results were in agreement with the computer predictions of the fragments' folding and the indirect data from previous studies, which suggested that a conserved peptide in alphavirus capsid proteins plays a critical role in the specificity of RNA packaging (29) . Based on conservation of this peptide, it was reasonable to expect that it might interact with the same or at least similar sequences or motifs in viral RNAs.
The only conserved feature that we could distinguish in the nsP1-specific fragments of the VEEV, EEEV, WEEV, and SINV genomes was the presence of GGG motifs in the same position within numerous computer-predicted stem-loops. Two different lines of evidence demonstrated the importance of GGG for RNA packaging. First, mutagenesis of these GGG sequences alone was found to have as strong negative effect on VEEV replication (Fig. 5) as did complete alteration of both the nucleotide sequence and the RNA secondary structure (Fig. 3) . Second, an artificial PS with fewer stem-loops, containing different nucleotide sequences, but still possessing GGG motifs in the same relative locations within the loops, was active in viral genome packaging (Fig. 10 ). These were compelling pieces of evidence that GGG sequences play a critical role in PS function. The activity of the GGG-containing stem-loops is determined to some degree by their number in the packaging signal, and more than one stem-loop is required for efficient genomic RNA encapsidation. Deletion of individual GGG-containing stem-loops did not cause noticeable changes in the rates of infectious virus release, but deletion of multiple predicted stem-loops resulted in a detectable decrease in the rates of infectious virus production. Thus, while there is certainly a minimum number of stem-loops required for genome packaging, in the case of VEEV (and probably other alphaviruses), the term "minimum PS" is likely to be inapplicable, because different combinations of the stem-loops can efficiently function in RNA encapsidation. The independent and repetitive nature of the GGG-containing SLs suggests that each SL-specific GGG motif appears to interact with a different molecules capsid protein. Clustering of the SLs in one small genomic fragment may be a mechanism to bring several capsomers into close proximity to initiate their dimerization and nucleate virion formation. However, this hypothesis requires further experimental support.
Interestingly, the CHIKV-specific capsid protein was capable of VEE/CHIKV chimeric genome packaging, and mutations in the VEEV PS affected the release of this chimeric virus from infected cells (Fig. 9B) . However, viruses belonging to the SFV clade, e.g., SFV, CHIKV, and RRV, appear to be exceptions from the above-described, general packaging mechanism. (i) The computer analysis of the genome sequences in the SFV clade viruses did not suggest the existence of an nsP1-specific fragment with lower rates of substitutions at synonymous sites (Fig. 9A). (ii) The predicted folding of the RNA fragment between nt 750 and 1250 of the SFV and CHIKV genomes did not reveal any GGG-containing loops. (iii) SFV-and CHIKVspecific nsP1 fragments had no positive effect on infectious virus release when they were cloned into the VEEV genome having a mutated natural PS (Fig. 7 and 9C) . Thus, the data suggested that CHIKV and SFV capsid proteins may recognize sequences that differ from the VEEV PS. Further investigation revealed that the genomes of the SFV clade viruses did contain a region with a lower rate of substitutions at synonymous sites, but it was contained within the nsP2 gene rather than the nsP1 gene (Fig. 9A) . Its position correlated with that of a fragment we previously identified in the RRV genome as capable of increasing RNA packaging into RRV virions (8) . Similarly to VEEV, the nucleotide sequence analysis was supported by the experimental evidence. It was found that nt 2501 to 3078 of the CHIKV genome stimulated packaging of VEE/CHIKV chimeric genomic RNA, which had the natural VEEV PS inactivated (Fig. 9C) . Based on these results, we hypothesize that a nsP1-specific PS was present in an ancestral alphavirus. While the GGG motif-containing SLs remained in the nsP1 region of most alphaviruses during their evolution, they disappeared in the genomes of SFV-like viruses and were replaced by a PS located in the nsP2 gene. The latter PS appears to have a similar mode of interaction with capsid protein, because CHIKV capsid is still capable of using both the nsP1 fragment of VEEV and the nsP2 fragment of CHIKV genomes. However, it should be noted that viruses from the SFV clade do not contain GGG sequences in the predicted loops of the nsP2-specific PS. Their equivalent may be a GUG(G) motif (where the 5Ј G and U belong to the apical two base-pairings of an SL), but its functional role has yet to be experimentally demonstrated. Interestingly, VEEV-specific capsid protein appears to be incapable of interacting with both nsP1-and nsP2-specific fragments of the CHIKV genome, which are indicated in Fig.  9A . Cloning of these fragments into the VEEV genome with mutated natural PS did not have noticeable positive effect on the infectious titers of the released virus (Fig. 9D) .
Taken together, the results of this study demonstrate the following. (i) The genomes of SINV, VEEV, EEEV, and most likely other alphaviruses, except for those in the SFV clade, have PSs that can be recognized by capsid proteins of heterologous alphaviruses. (ii) The GGG sequences located in the loops of PS-specific stem-loops represent a key element of the functional PS. (iii) Mutagenesis of the entire PS or just the GGG sequences has a strong negative effect on viral genome packaging and leads to release of viral particles containing mostly SG RNAs. (iv) RNA packaging appears to be determined to some extent by the number of GGG-containing stemloops, and more than one stem-loop is required for efficient RNA encapsidation. (v) Viruses of the SFV clade contain a PS in the nsP2 gene, but their capsid protein retains the ability to use the nsP1-specific PS of other alphaviruses. It should also be noted that in this study, we have likely identified the most important PS. However, this does not necessarily mean that it is the only sequence utilized during genomic RNA packaging.
In a previous study of RRV sequences that increase RNA packaging (8), we found that other viral genome fragments can also have detectable stimulatory effects on RNA encapsidation. It was not as efficient as that located between nt 2700 and 3100 of nsP2 in the RRV genome, but might also contribute to the RNA packaging process. Similarly, less efficiently functioning sequences can likely be found in other alphaviruses.
This new information regarding alphavirus PS structure and its mode of function provides an interesting opportunity to develop alphavirus variants, which are strongly attenuated in terms of infectious virus production in the cells of both vertebrate and invertebrate origin. These would produce virions that primarily lack the viral genome but remain capable of serving as efficient immunogens. Such a viral phenotype would likely be stable, because it is supported by a large number of synonymous mutations that destroy both the RNA secondary structure and GGG motifs, but would not interfere with viral RNA replication and protein expression.
